The ferromagnetic resonance ͑FMR͒ behaviors for Ni 80 Fe 20 Permalloy films with a wide thickness range from 30 to 360 nm were investigated. The FMR measurements were performed by a vector network analyzer ͑VNA͒ technique with scanning frequency at a specified external field. The measured frequency response was fitted well by the theoretical precession conditions. The FMR results show that the effective saturation magnetization, 0 M eff , increases from 1.01 to 1.36 T, while the film thickness varies from 30 to 360 nm. A discontinuous transition is observed at the thickness of 90 nm, which corresponds to the transformation boundary of domain wall from Néel to Bloch type in Permalloy films. Meanwhile, the variation of damping coefficient with film thickness also shows a discontinuity at 90 nm. For films thinner than 90 nm, the dampings vary insignificantly with film thickness. For films thicker than 90 nm, the damping coefficient varies linearly with the thickness. The result could be explained by the magnon scattering through nonuniform magnetization. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2711072͔
With the increasing demands for magnetic devices applied to microwave frequency region, understanding the mechanisms responsible for magnetic damping in materials has become an important issue. Among the high frequency technique, ferromagnetic resonance ͑FMR͒ measurement, [1] [2] [3] which provides important parameters for magnetic dynamics, such as Gilbert damping coefficient and saturation magnetization, is especially powerful. The Gilbert damping coefficient reveals how rapidly the magnetization relaxes toward equilibrium, which has attracted a great interest not only for application view point but also for mechanism study. 4, 5 The intrinsic magnetization relaxation in transition-metal ferromagnets were explained as the conduction electron scattering by phonons through L-S coupling and by magnons through exchange coupling. 6, 7 For ultrathin films, it had been theoretically predicted that two-magnon scattering processes affect the damping coefficient. 8 Experimental study of the damping behaviors for ultrathin Premalloy films had been reported to show the evidence of the two-magnon scattering 9 and electron scattering 10 mechanisms. In this study, we systematically investigate the magnetization precession in Ni 80 Fe 20 films for a wider thickness range ͑30-360 nm͒ by FMR technique. The tendencies of the FMR parameters versus film thickness were observed for the thicker films.
Ni 80 Fe 20 Permalloy films deposited on Si substrates with film thickness from 30 to 360 nm were prepared by dc magnetron sputtering. The base pressure of the vacuum system was 5.0ϫ 10 −7 torr, and the films were deposited in a 1.0 ϫ 10 −3 torr argon atmosphere. The FMR behaviors of the films were detected by the vector network analyzer ͑VNA͒ method, which takes the advantage of the capabilities for wide-range frequency scanning and full amplitude and phase data analysis. A coplanar waveguide ͑CPW͒ of 150 m width and 85 m gap was designed as the flip-chip test fixture. During the FMR measurement, the films were positioned across the center conductor of the CPW. The external magnetic field was applied in the in-plane direction along microwave propagation and thus perpendicular to the microwave fields. Scattering parameter analysis was performed by a standard network analyzer ͑HP8510C͒. The magnetization reversal processes and anisotropy of the films were also investigated by longitudinal magneto-optical Kerr effect. Figure 1͑a͒ shows the typical frequency-scanning FMR spectrum for NiFe films at different external fields. The scattering parameters S 21 , which correspond to the microwave transmission through the coplanar waveguide with resonant absorption by the samples, were collected every 50 Oe for a field range from 50 to 750 Oe. The spectrum measured at 0 Oe was taken as the background signal to renormalize the Figure 1͑a͒ illustrates the strong dependence of FMR frequencies ͑f r ͒ on the applied fields, as described by the well known Kittel formula for the films,
where 0 is the permeability of the free space, ␥ = g B / ប is the gyromagnetic ratio, H is the external dc field, M eff is the effective saturation magnetization, and H k is the uniaxial anisotropy field. For Ni 80 Fe 20 Permalloy films, H k is usually negligible. Moreover, in the applied field range of 50-750 Oe, H is also quite smaller than M eff . In this case, Eq. ͑1͒ can be approximated by Figure 1͑b͒ shows the resonant frequencies squared as a function of applied fields for films with different thicknesses. All plots possess good linearity and indicate the approximation of Eq. ͑2͒ works well. By fitting the plots with Eq. ͑2͒, the obtained 0 M eff for films with the thickness ranging from 30 to 360 nm were shown in Fig. 1͑c͒ . The fitted values of about 1.01-1.36 T are comparable to published data. 12 The effective saturation magnetization analyzed from FMR spectrum varies significantly with the film thickness. Figure 2 shows the Kerr signals of the films to reveal the magnetization reversal processes and anisotropy. The hysteresis loops for the films of different thicknesses are quite similar, with coercive fields H c of about 30-40 Oe, which are as the values of ordinary Permalloy films. Figure 2͑b͒ illustrates magneto-optical effects along two perpendicular in-plane directions of the films, showing a negligible uniaxial anisotropy. This phenomenon is due to the intrinsic small anisotropy energy of Ni 80 Fe 20 materials and the polycrystalline structures of our films. Therefore, the FMR results display the averages over the in-plane angular variation. In Fig.  1͑c͒ , the dependence of 0 M eff on film thickness is more sensitive than the Kerr results. In spite of a transition at film thickness d = 90 nm, the effective saturation magnetization increases with the film thickness. The variation of 0 M eff with d mainly comes from the surface anisotropy,
where M s is the saturation magnetization and 2K s / M s d is the surface anisotropy field. However, it should be noted that Eq. ͑3͒ predicted the increase in 0 M eff with thickness will become less significant for thicker films, which implies an additional mechanism contributed to the higher 0 M eff for d Ͼ 90 nm in Fig. 1͑c͒ . The different tendencies separated by 90 nm thickness, which is about the transformation boundary from Néel to Bloch domain wall structure in Permalloy films. The most probable explanation is that the uniform mode of spin wave ͑k 0͒ excited by ferromagnetic resonance is scattered into k 0 magnon by the locally nonuniform magnetization, where k is the wave vector. This model is similar to the two-magnon process, 8 but with the pinned perpendicular moments as the scattering sources instead of defects. The coupling of excited spin waves and normal modes will contribute the shift of the measured FMR frequency.
For further evidence, the damping terms in ferromagnetic resonance were also investigated. Figure 3͑a͒ shows the FMR absorption spectrum for NiFe films with thickness from 30 to 360 nm at a fixed external field of 200 Oe. Some curves are asymmetric, which results from the deviation of impedance matching in the rf circuit by the sample absorption and can be calibrated by taking the S 21 phase into analysis. Figure 3͑a͒ reveals that the FMR intensity increases with the film thickness, but the tendency also possesses a discontinuity for d = 90 nm. In order to study quantitatively, the Gilbert damping coefficients ͑␣͒ were obtained from frequency band width ͑⌬f͒ of the spectrum through the calibration analysis,
The results of ␣ as a function of film thickness were shown in Fig. 3͑b͒ . It is worth noting that during our calculation, the fitted damping coefficients of a film are independent of the applied field for the field range of 50-750 Oe.
The variation of Gilbert damping coefficient with film thickness also shows a discontinuity at d = 90 nm. For film thickness of 30-90 nm, the ␣ approaches to a constant value of about 1.5ϫ 10 −3 , while for film thickness of 120-360 nm, the damping coefficient varies from 2.1ϫ 10 −3 to 3.8ϫ 10
and possesses a linear dependence on d. The behaviors of damping coefficient for 30-90 nm films are consistent with other published data of NiFe ultrathin films, 9,10 where the electron scattering or two-magnon scattering by surfaces and defects is proposed as the main mechanism. In contrast, the linear behavior of the damping coefficient for 120-360 nm films should be explained by a different picture. As discussed earlier, in thicker films, the nonuniform magnetization may provide scattering centers for spin waves, and thus excite the k 0 magnons. Since the Bloch domain wall width is also expected to increase linearly with the film thickness, the magnetization component perpendicular to the film surface may induce the long-range spin waves in the thicker films. Therefore, the linear dependence of damping coefficient on film thickness can be explained by the enhanced coupling from k =0 to k 0 magnons through locally perpendicular moments, which results higher energy dissipated from spin waves to phonons.
The FMR behaviors of Ni 80 Fe 20 Permalloy films with different thicknesses were investigated. Both the variations of fitted 0 M eff and ␣ with film thickness possess a discontinuity at 90 nm, which imply different mechanisms of magnon scattering. For films thinner than 90 nm, the scattering of spin waves by surfaces and defects is expected. For films thicker than 90 nm, the locally perpendicular magnetization provides scattering centers to excite k 0 magnons from the uniform mode ͑k =0͒. The energy dissipations from spin waves to phonons thus increase with the film thickness. 
